The use of metal shell to fix an acetabular cup to bone in hip joint prosthesis carries some limitations, including restrictions in prosthetic femur ball diameter and in patient's range of motion. These drawbacks could be ideally overcome by using a monolithic ceramic acetabular cup, but the fixation of such an implant to host bone still remains a challenge. Since porous surfaces are known to promote more bone tissue interlocking compared to smooth materials, in this work the surfaces of sintered alumina/zirconia composite ceramics were treated by a pulsed laser radiation at 1064 nm with a pulse width in the nanosecond range, in order to impart controlled textural patterns. The influence of laser process parameters (e.g., energy per pulse, repetition rate, scanning speed, repetition number, angle of laser beam, and number of cycles) on the roughness and texture orientation was systematically investigated. The obtained surface topographies were inspected by optical and scanning electron microscopy, and the roughness was assessed by contact profilometry. Surface roughness could be modulated in the range of 3 to 30 µm by varying the processing parameters, among which the number of cycles was shown to play a major role. The laser treatment was also successfully adapted and applied to ceramic acetabular cups with a curved profile, thus demonstrating the feasibility of the proposed approach to process real prosthetic components.
Introduction
The hip joint prosthesis has been the most active field of research in prosthetics over the last decades [1] . This high interest was mainly dictated by the increasing demand for such an implant in the elderly due the increment of the aging population worldwide [2] . Both the acetabular component and the femur stem are often fixed to the patient's bone using acrylic cement; however, this approach, despite the ease of execution, suffers from some drawbacks. Firstly, the in-situ cement polymerization reaction is typically associated to a sudden increase of local temperature that can induce bone tissue necrosis. Secondly, the cement is prone to disintegrate over time and produces debris, which may yield implant mobilization and bone necrosis at the operation site in the long term [3] . Therefore, several prosthetic models have been developed in the attempt to overcome the need for acrylic cement while ensuring satisfactory and safe performance of the implant [4] [5] [6] . This is particularly challenging if adopting ceramic-on-ceramic bearings is a goal, given that such combinations are the most favorable in regard to excellent bio-inertness and minimal wear [7] .
Cementless ceramic acetabular components were introduced for the first time in total hip arthroplasty in the 1970s, and monolithic ceramic screwed cups were typically combined with cemented femur stems having a ceramic ball head [8] . In 1999, Griss et al. [9] presented the long-term results of alumina screwed cylindrical implants and reported that 24 cases out of 67 underwent surgical revision due to loosening and migration of the acetabular cup. Another 25 cups were still in situ after 22 years of implantation, but all of them were found to have migrated to a certain extent under radiographic investigation.
Gierse et al. [10] also reported an initial or short-term postoperative migration in 35% of the patients receiving this ceramic cup.
Monolithic ceramic screwed cups with a conical shape were also proposed (the so-called Mittelmeier design), but high rates of implant loosening (53% after 12.3 years of postoperative follow-up) were reported [11] .
The clinical use of all these screwed ceramic cups was soon stopped due to the above-mentioned postoperative problems and, at present, ceramic-on-ceramic bearing is based on a "modular" concept, i.e., a metal shell is used as a press-fit cementless acetabular component combined with a ceramic insert [12] .
In principle, this design style suffers from a major disadvantage compared to monolithic cups, i.e., the inherent minimum thickness of metal shell and insert together, which restricts the use of both small-sized cups and large-diameter femur heads. Furthermore, problems of incorrect positioning (miscentering) of the ceramic insert into the metal shell might occur during surgery.
After a hiatus of about 20 years, the idea of fabricating monolithic ceramic cups able to be somehow anchored to the pelvic bone without using acrylic cement or metal shell was resurrected by Schreiner et al. [13] , who pointed out the beneficial effect of surface porosity for allowing osteoconduction. This property was first reported by Forgon et al. [14] who observed bone ingrowth into 500 µm holes drilled in alumina implants. As discussed later by Cornell and Lane [15] , osteoconduction can be observed in biomaterials that have a porosity similar to that of bone architecture. In fact, although growth factors, local cytokines, and other biomolecules modulate the process-which also strongly depends on the composition of the implanted material-the three-dimensional (3D) structure of an implant still plays a key role in affecting the host biological responses.
In their study published in 2011, Schreiner et al. [13] evaluated the osteointegration of alumina/zirconia composite cups (BIOLOX delta ® , CeramTec, Plochingen, Germany) with a porous outer surface after implantation in a sheep model for 8 and 52 weeks. Stable osteointegration was detected at both time points and the interlocking of bone tissue into the implant pores was claimed to provide a stable fixation of the cup in the presence of low osteointegration rates. Since then, investigations on this material were apparently discontinued; this was probably due to commercial reasons, as other studies proved the role of pores in promoting osteoconduction even in porous or variously rough metallic implants [16] , which are easier to process than ceramics and have eventually led to the development and clinical use of trabecular metal in orthopedics and dentistry.
Recently, porous bioactive glass coatings have also been manufactured by sponge replication [17] [18] [19] or laser cladding [20, 21] on the outer surface of the alumina/zirconia monolithic cup in order to take advantage from both the trabecular bone-like morphology of the coating and the inherent bioactivity of the glass used.
The present study aims at investigating the suitability of laser treatments to impart a controlled surface texture to alumina/zirconia composite ceramics for potential use in the fabrication of acetabular components for hip joint replacement. Laser-based methods have been used in the field of bioceramics to manufacture bioactive non-porous implants with complex (curved) geometry [22] [23] [24] and coatings [25, 26] , but, to the best of the authors' knowledge, their potential suitability for the surface ablation of ceramic acetabular cups has not been reported yet. 
Materials and Methods

Manufacturing of Ceramic Samples
In order to proceed to a set of experiments to test the suitability of laser treatments, it was necessary to manufacture a series of alumina/zirconia ceramic samples in the shape of acetabular cups and discs. In order to obtain alumina/zirconia shapes, some different approaches have already been explored. Whilst additive manufacturing has proven to be a suitable procedure for obtaining prosthetic parts with a controlled porosity [27] , the approach via subtractive manufacturing technologies [28] is the one that, up to now, yields to the best results if high-load-bearing applications are the major goal.
For the cups required for testing, the raw material utilized was a powder composition of alumina/zirconia in a 75/25 (wt %) ratio, which undertook a process of hydrostatical compression to achieve a minimum consistency level, i.e., brown cylinders of 50 mm diameter and 100 mm of height, as shown in Figure 1a . These brown cylinders were then heat treated in a first pre-sintering process with a total duration of 17 h in an oven with forced air circulation (Hobersal Mod JM 3/16, Hobersal, Caldes de Montbui, Spain). The pre-sintering curve contained a first stop of 2 h at 100 • C to remove humidity and a final stop of 2 h at 1200 • C to achieve further mechanical stability in order to be machined, i.e., green cylinders were obtained.
For the cups required for testing, the raw material utilized was a powder composition of alumina/zirconia in a 75/25 (wt %) ratio, which undertook a process of hydrostatical compression to achieve a minimum consistency level, i.e., brown cylinders of 50 mm diameter and 100 mm of height, as shown in Figure 1a . These brown cylinders were then heat treated in a first pre-sintering process with a total duration of 17 h in an oven with forced air circulation (Hobersal Mod JM 3/16, Hobersal, Caldes de Montbui, Spain). The pre-sintering curve contained a first stop of 2 h at 100 °C to remove humidity and a final stop of 2 h at 1200 °C to achieve further mechanical stability in order to be machined, i.e., green cylinders were obtained.
The subjection methods utilized for fixing the green cylinders to be machined in the milling center were those described in [29] . In particular, for the machining of the outer surface, a twocomponent epoxy resin was used to fix each cylinder onto an aluminum disc that was then clamped by the mill clutches, as shown in Figure 1b . Concerning the machining of the inner surface, a specific tailor-made tooling was utilized to hold each of the cylinders already processed in the form of a hemisphere, as per the shape depicted in Figure 1c .
The machining of the outer surface required up to three milling operations (end mill, ball-nose mill, and T-slot cutter operations) whilst the machining of the inner surface required two milling operations (end mill and ball-nose mill operations). Both surfaces' machining processes were performed by a vertical CNC-3 axis milling machine (Milltronics Mod RH20, Milltronics, Waconia, MN, USA). The separation of the semi-processed cylinders (hemispheres) from the aluminum discs was performed by a simple crosscut of the ceramics.
Once machined, the green cups were heat treated in a sintering process with a total duration of 30 h in an oven with forced air circulation (Hobersal Mod JM 3/16, Hobersal, Caldes de Montbui, Spain). The sintering curve contained a 2 h stop at 160 °C that yielded the final mechanical properties, i.e., ceramic cup samples to be utilized in the subsequent steps, as shown in Figure 1d . The details of the process for obtaining the discs required for testing are fully described in [21] . Comparing with the process for the cups, all steps (hydrostatic pressing, machining, and heat treatments) were analogous, taking into consideration that the dimensions of the initial cylinders were much smaller in the discs' case. Also, the machining operations for the discs were simpler, as they could be undertaken simply via turning operations in a Multitask Centre [21] . The subjection methods utilized for fixing the green cylinders to be machined in the milling center were those described in [29] . In particular, for the machining of the outer surface, a two-component epoxy resin was used to fix each cylinder onto an aluminum disc that was then clamped by the mill clutches, as shown in Figure 1b . Concerning the machining of the inner surface, a specific tailor-made tooling was utilized to hold each of the cylinders already processed in the form of a hemisphere, as per the shape depicted in Figure 1c .
Once machined, the green cups were heat treated in a sintering process with a total duration of 30 h in an oven with forced air circulation (Hobersal Mod JM 3/16, Hobersal, Caldes de Montbui, Spain). The sintering curve contained a 2 h stop at 160 • C that yielded the final mechanical properties, i.e., ceramic cup samples to be utilized in the subsequent steps, as shown in Figure 1d .
The details of the process for obtaining the discs required for testing are fully described in [21] . Comparing with the process for the cups, all steps (hydrostatic pressing, machining, and heat treatments) were analogous, taking into consideration that the dimensions of the initial cylinders were much smaller in the discs' case. Also, the machining operations for the discs were simpler, as they could be undertaken simply via turning operations in a Multitask Centre [21] .
Laser Treatment
Several structured surfaces have been generated on the alumina/zirconia ceramic discs using a Q-switched Nd:YVO4 laser source operating in near infrared (wavelength λ = 1064 nm) (Rofin PowerLine E20, Rofin, Gilching, Germany). This source provides a laser beam with the following characteristics: M2 < 1.2, about 10 ns pulse length, up to 200 kHz repetition rate, and up to 800 µJ energy per pulse. The beam was delivered with a galvoscanner head with 254 mm focal length field optics, providing a spot size of 70 µm full width at half maximum (FWHM) diameter.
The dominant regime during the process was a combination between ablation (primary effect) and melting-this was the result of smart scanning strategies used to irradiate the surface with the laser beam, provided by a Q-switched laser source of high repetition rate and pulse length in the nanosecond range. This laser beam has a Gaussian energy distribution, which means that the higher energy density is concentrated in the middle of the spot (ablative behavior).
The laser source was equipped with scanner heads having galvanometric mirrors, as shown in Figure 2 . The treated surface was scanned combining parallel lines and different overlapping angles between the lines in order to produce periodic or random patterns on the surface. Figure 2 shows a scheme of the experimental set-up adopted in this study. 
The laser source was equipped with scanner heads having galvanometric mirrors, as shown in Figure 2 . The treated surface was scanned combining parallel lines and different overlapping angles between the lines in order to produce periodic or random patterns on the surface. Figure 2 shows a scheme of the experimental set-up adopted in this study. The main processing parameters to take into account in laser surface texturing include the laser wavelength (which is fixed as it depends on the laser source), the energy per pulse (which depends on the supplied power and the repetition rate), the scanning speed, the repetition rate (which is the number of laser pulses emitted in 1 s), the pulse overlapping (which depends on the scanning speed and the repetition rate), the repetition number (which is the number of overlapped scanning layers to generate the final pattern), the number of cycles, and the focal distance (which was fixed on the sample surface).
Before undergoing surface laser treatment, the ceramic discs were embedded in resin, cut, and polished by a diamond paste in order to reproduce the finely polished surface of currently-used real prosthetic components used in clinical applications.
Each scanning layer was generated with parallel lines separated by an interspace of 100 µm. The laser beam scanned the surface using parallel lines to cover the treated area and the various surface textures were obtained after several repetitions, as shown in Figure 3 . The details of the processes are summarized in Table 1 . The main processing parameters to take into account in laser surface texturing include the laser wavelength (which is fixed as it depends on the laser source), the energy per pulse (which depends on the supplied power and the repetition rate), the scanning speed, the repetition rate (which is the number of laser pulses emitted in 1 s), the pulse overlapping (which depends on the scanning speed and the repetition rate), the repetition number (which is the number of overlapped scanning layers to generate the final pattern), the number of cycles, and the focal distance (which was fixed on the sample surface).
Each scanning layer was generated with parallel lines separated by an interspace of 100 µm. The laser beam scanned the surface using parallel lines to cover the treated area and the various surface textures were obtained after several repetitions, as shown in Figure 3 . The details of the processes are summarized in Table 1 . 1a  240  60  1000  20  20  1  2a  240  60  1000  20  20  5  1b  240  60  300  20  20  1  2b  240  60  300  20  20  5  1c  240  20  1000  20  20  1  2c  240  20  1000  20  20  5  1d  240  20  300  20  20  1  2d  240  20  300  20  20  5  3d  555  20  300  20  20  1  4a  240  60  300  90  2  1  4b  240  60  300  90  2  2  4c  240  60  300  90  2  3  4d  240  60  300  90  2  4  5  240  60  300  90  2  10 While the application of laser treatment to the surface of flat ceramic discs was relatively easy from a technological viewpoint, adapting this procedure to a ceramic cup was a challenging issue due to the need for scanning a 3D hemispheric geometry. A simple vertical scanning from the 0° position was impossible as the attach angle would vary as much as the distance from the beam focuses to the surface. Of course, there was the same problem if the cup was rotated and treated from the 90° position. In order to tackle this challenge, it was decided to divide the hemispheric cup in sectors to be processed one by one as they were considered almost flat surfaces. In this way, each of these surfaces would not have an excessive attack angle or focal distance variation. Each cup was radially divided in 72 sectors having an angular step size of 5°; four axial divisions were also considered as shown in Figure 4 . The first of these divisions was laser-treated from the 90° positions while the rotatory axis turned the ceramic cup of 5° per step. Then, the second and third divisions were processed using a rotatory axis of 45° according to the procedure explained previously. Finally, the ceramic cup was treated from 0° positions in its fourth division without the need for sectors or rotatory axes. Figure 4 shows a scheme of the programmed trajectory to treat the ceramic cups and Figure 5 shows the cup during laser treatment. The process parameters used to obtain a laser-textured cup prototype were the same adopted for the sample 7a. 1a  240  60  1000  20  20  1  2a  240  60  1000  20  20  5  1b  240  60  300  20  20  1  2b  240  60  300  20  20  5  1c  240  20  1000  20  20  1  2c  240  20  1000  20  20  5  1d  240  20  300  20  20  1  2d  240  20  300  20  20  5  3d  555  20  300  20  20  1  4a  240  60  300  90  2  1  4b  240  60  300  90  2  2  4c  240  60  300  90  2  3  4d  240  60  300  90  2  4  5  240  60  300  90  2  10 While the application of laser treatment to the surface of flat ceramic discs was relatively easy from a technological viewpoint, adapting this procedure to a ceramic cup was a challenging issue due to the need for scanning a 3D hemispheric geometry. A simple vertical scanning from the 0 • position was impossible as the attach angle would vary as much as the distance from the beam focuses to the surface. Of course, there was the same problem if the cup was rotated and treated from the 90 • position. In order to tackle this challenge, it was decided to divide the hemispheric cup in sectors to be processed one by one as they were considered almost flat surfaces. In this way, each of these surfaces would not have an excessive attack angle or focal distance variation. Each cup was radially divided in 72 sectors having an angular step size of 5 • ; four axial divisions were also considered as shown in Figure 4 . The first of these divisions was laser-treated from the 90 • positions while the rotatory axis turned the ceramic cup of 5 • per step. Then, the second and third divisions were processed using a rotatory axis of 45 • according to the procedure explained previously. Finally, the ceramic cup was treated from 0 • positions in its fourth division without the need for sectors or rotatory axes. Figure 4 shows a scheme of the programmed trajectory to treat the ceramic cups and Figure 5 shows the cup during laser treatment. The process parameters used to obtain a laser-textured cup prototype were the same adopted for the sample 7a. 
Characterization
Microstructure
Phase analysis of the ceramic samples before and after laser treatment was carried out by wideangle X-ray diffraction (XRD; X'Pert Pro PW3040/60 diffractometer, PANalytical, Eindhoven, The Netherlands) using Cu Kα incident radiation. The XRD pattern was recorded in the 2θ-range of 10°-70° with a step size of 0.2° and a time per step of 0.5 s. Phase analysis and quantification were performed using X'Pert HighScore software (version 2.2b, PANalytical, Eindhoven, The Netherlands) equipped with the PCPDFWIN database. These XRD analyses were performed on solid sintered samples.
Morphology and Composition
Morphological characterization was performed using both optical and scanning electron microscopy (SEM) on selected laser-treated samples. Specifically, an Olympus metallographic optical microscope (Olympus Global, Tokyo, Japan) and a Hitachi FE-4500 field-emission SEM equipment (Hitachi Global, Tokyo, Japan) were used. Compositional analysis was performed by an energy dispersive X-ray spectroscopy (EDS) microprobe attached to the SEM. The samples were sputtercoated with an ultrathin metallic layer prior to undergoing SEM and EDS analyses.
Surface Roughness
Topographical analyses were carried out through the assessment of surface roughness under the ISO 4288 standard [30] using a contact profilometer (Dektak 8, Veeco, Plainview, NY, USA). Six measure lines along the transversal and longitudinal (orthogonal) directions were considered to achieve an average of the roughness value.
Amplitude parameters are the most important and commonly-used parameters to characterize surface topography. They are used to measure the vertical characteristics of the surface deviations. The arithmetic average height (Ra) is the most universally-used roughness parameter for general quality control. It is defined as the average absolute deviation of the roughness irregularities from 
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Characterization
Microstructure
Phase analysis of the ceramic samples before and after laser treatment was carried out by wide-angle X-ray diffraction (XRD; X'Pert Pro PW3040/60 diffractometer, PANalytical, Eindhoven, The Netherlands) using Cu Kα incident radiation. The XRD pattern was recorded in the 2θ-range of 10 • -70 • with a step size of 0.2 • and a time per step of 0.5 s. Phase analysis and quantification were performed using X'Pert HighScore software (version 2.2b, PANalytical, Eindhoven, The Netherlands) equipped with the PCPDFWIN database. These XRD analyses were performed on solid sintered samples.
Morphology and Composition
Morphological characterization was performed using both optical and scanning electron microscopy (SEM) on selected laser-treated samples. Specifically, an Olympus metallographic optical microscope (Olympus Global, Tokyo, Japan) and a Hitachi FE-4500 field-emission SEM equipment (Hitachi Global, Tokyo, Japan) were used. Compositional analysis was performed by an energy dispersive X-ray spectroscopy (EDS) microprobe attached to the SEM. The samples were sputter-coated with an ultrathin metallic layer prior to undergoing SEM and EDS analyses.
Surface Roughness
Amplitude parameters are the most important and commonly-used parameters to characterize surface topography. They are used to measure the vertical characteristics of the surface deviations. The Coatings 2019, 9, 369 7 of 15 arithmetic average height (R a ) is the most universally-used roughness parameter for general quality control. It is defined as the average absolute deviation of the roughness irregularities from the mean line over one sampling length. This parameter is easy to define and measure, and it gives a general description of height variations.
The surface topography can be also described by the root mean square roughness (R q ), which represents the standard deviation of the distribution of surface heights. This parameter is more sensitive than R a to large deviations from the mean line. The R q mean line is the line that divides the profile so that the sum of the squares of the deviations of the profile height from it is equal to zero.
R a and R q of each sample are expressed as mean ± standard deviation calculated on six values. Figure 6 shows the XRD pattern of the sintered ceramic samples. Alumina (Al 2 O 3 ) and tetragonal zirconia (ZrO 2 ) were detected and quantified in a 76-to-24 wt % ratio, which is consistent with the theoretical expectations and confirms the composite nature of the material. the mean line over one sampling length. This parameter is easy to define and measure, and it gives a general description of height variations. The surface topography can be also described by the root mean square roughness (Rq), which represents the standard deviation of the distribution of surface heights. This parameter is more sensitive than Ra to large deviations from the mean line. The Rq mean line is the line that divides the profile so that the sum of the squares of the deviations of the profile height from it is equal to zero.
Results and Discussion
Ra and Rq of each sample are expressed as mean ± standard deviation calculated on six values. Figure 6 shows the XRD pattern of the sintered ceramic samples. Alumina (Al2O3) and tetragonal zirconia (ZrO2) were detected and quantified in a 76-to-24 wt % ratio, which is consistent with the theoretical expectations and confirms the composite nature of the material. the mean line over one sampling length. This parameter is easy to define and measure, and it gives a general description of height variations. The surface topography can be also described by the root mean square roughness (Rq), which represents the standard deviation of the distribution of surface heights. This parameter is more sensitive than Ra to large deviations from the mean line. The Rq mean line is the line that divides the profile so that the sum of the squares of the deviations of the profile height from it is equal to zero.
Ra and Rq of each sample are expressed as mean ± standard deviation calculated on six values. Figure 6 shows the XRD pattern of the sintered ceramic samples. Alumina (Al2O3) and tetragonal zirconia (ZrO2) were detected and quantified in a 76-to-24 wt % ratio, which is consistent with the theoretical expectations and confirms the composite nature of the material. Polished ceramic samples were processed by near-infrared laser under different conditions in order to impart different textures to the surface. It was generally observed that the samples acquired a dark color after laser treatment, as shown in Figure 8a . The XRD pattern of laser-treated samples (not shown) revealed the same crystalline phases (alumina and zirconia) that were detected in the original ceramic material, which however exhibited a white color. The only differences between the XRD patterns of as-such and laser-treated ceramics were the lower intensity of the peaks and the noisier pattern in the latter, which were due to the presence of the laser-induced surface roughness.
Polished ceramic samples were processed by near-infrared laser under different conditions in order to impart different textures to the surface. It was generally observed that the samples acquired a dark color after laser treatment, as shown in Figure 8a . The XRD pattern of laser-treated samples (not shown) revealed the same crystalline phases (alumina and zirconia) that were detected in the original ceramic material, which however exhibited a white color. The only differences between the XRD patterns of as-such and laser-treated ceramics were the lower intensity of the peaks and the noisier pattern in the latter, which were due to the presence of the laser-induced surface roughness.
The explanation for the darkness of laser-treated samples could be related to oxygen deficiency of zirconia grains. Darkening of this ceramic material is a well-known phenomenon reported in oxygen sensors when they are exposed to reducing atmospheres. Oxygen vacancies promote the formation of stable absorbing defects, i.e., color centers in zirconia when they are irradiated with the laser beam [31, 32] . This phenomenon was also confirmed by a simple experiment-after being exposed to an oxidizing atmosphere at 700 °C for 1 h, the darkened disc-shaped samples recovered their natural white color, as shown in Figure 8b . As reported in Table 2 , ceramic samples with no laser treatment exhibited a submicronic surface roughness, which was due to the minimal residual porosity after sintering; this is also consistent with the morphological observation shown in Figure 7a . The roughness profiles were dominated by valleys rather than peaks protruding from the surface, which is a key requirement in clinical applications in order to reduce the risk of wear of the adjacent prosthetic component and/or tissue abrasion [33] . In general, laser treatments increased the surface roughness (Ra and Rq) of the sintered ceramic samples up to two orders of magnitude depending on the processing conditions, as shown in Table 2 . The explanation for the darkness of laser-treated samples could be related to oxygen deficiency of zirconia grains. Darkening of this ceramic material is a well-known phenomenon reported in oxygen sensors when they are exposed to reducing atmospheres. Oxygen vacancies promote the formation of stable absorbing defects, i.e., color centers in zirconia when they are irradiated with the laser beam [31, 32] . This phenomenon was also confirmed by a simple experiment-after being exposed to an oxidizing atmosphere at 700 • C for 1 h, the darkened disc-shaped samples recovered their natural white color, as shown in Figure 8b .
As reported in Table 2 , ceramic samples with no laser treatment exhibited a submicronic surface roughness, which was due to the minimal residual porosity after sintering; this is also consistent with the morphological observation shown in Figure 7a . The roughness profiles were dominated by valleys rather than peaks protruding from the surface, which is a key requirement in clinical applications in order to reduce the risk of wear of the adjacent prosthetic component and/or tissue abrasion [33] . In general, laser treatments increased the surface roughness (R a and R q ) of the sintered ceramic samples up to two orders of magnitude depending on the processing conditions, as shown in Table 2 . In general, the relatively low standard deviation for the values of roughness suggest a promising reproducibility of the sample and, thus, a good repeatability of the texturing process.
Some more specific considerations about the influence of the different parameters can also be presented. If all the other laser parameters were kept fixed, an increase of the number of cycles increased the roughness due to the higher ablation of the material surface (see comparison of samples 2a and 1a, 2b and 1b, 2c and 1c, as shown in Figure 9, and 2d and 1d) . The decrease of the scanning speed increased the overlap between consecutive pulses, thereby involving an increment of the roughness (see comparison of samples 1a and 2b). The variation of the repetition rate seems to have a very limited effect on the surface roughness (comparison between samples 2a and 2c; no significant differences in terms of R a , minimal differences in terms of R q ). An increase of roughness was also observed with increasing the energy per pulse (sample 3d vs. 1d) Coatings 2019, 9, x FOR PEER REVIEW 9 of 15 In general, the relatively low standard deviation for the values of roughness suggest a promising reproducibility of the sample and, thus, a good repeatability of the texturing process. Some more specific considerations about the influence of the different parameters can also be presented. If all the other laser parameters were kept fixed, an increase of the number of cycles increased the roughness due to the higher ablation of the material surface (see comparison of samples 2a and 1a, 2b and 1b, 2c and 1c, as shown in Figure 9, and 2d and 1d) . The decrease of the scanning speed increased the overlap between consecutive pulses, thereby involving an increment of the roughness (see comparison of samples 1a and 2b). The variation of the repetition rate seems to have a very limited effect on the surface roughness (comparison between samples 2a and 2c; no significant differences in terms of Ra, minimal differences in terms of Rq). An increase of roughness was also observed with increasing the energy per pulse (sample 3d vs. 1d) The orientation of the surface texture was dictated by the parameter Δα, as shown in Figure 10 . A symmetric textural pattern was obtained as a consequence of using Δα = 90°, as shown in Figure  10a ; on the contrary, a more randomly oriented roughness can be observed in Figure 10b due to an angle of 20° for the laser beam. As shown in Figure 11 , the orientation of the surface texture was independent of the number of cycles used for the laser treatment and its regularity and periodicity was preserved.
Building on the numerical results obtained in the experimentation, the significance of the effects of each of the factors investigated on the parameters Ra and Rq were analyzed. As mentioned before, the factors that were the object of study were: energy per pulse (µJ), repetition rate (kHz), scanning speed (mm/s), Δα (°), repetition number (units), and number of cycles (units). However, it should be observed that:

Energy per pulse depends on the repetition rate; which is already in the model. 
In the set of conducted experiments, Δα and repetition number were interdependent in the different levels (i.e., in the cases where Δα was fixed as 20°, repetition number was always fixed as 20; and in all cases when Δα was fixed as 90°, repetition number was always fixed as 2. The orientation of the surface texture was dictated by the parameter ∆α, as shown in Figure 10 . A symmetric textural pattern was obtained as a consequence of using ∆α = 90 • , as shown in Figure 10a ; on the contrary, a more randomly oriented roughness can be observed in Figure 10b due to an angle of 20 • for the laser beam. In general, the relatively low standard deviation for the values of roughness suggest a promising reproducibility of the sample and, thus, a good repeatability of the texturing process. Some more specific considerations about the influence of the different parameters can also be presented. If all the other laser parameters were kept fixed, an increase of the number of cycles increased the roughness due to the higher ablation of the material surface (see comparison of samples 2a and 1a, 2b and 1b, 2c and 1c, as shown in Figure 9, and 2d and 1d) . The decrease of the scanning speed increased the overlap between consecutive pulses, thereby involving an increment of the roughness (see comparison of samples 1a and 2b). The variation of the repetition rate seems to have a very limited effect on the surface roughness (comparison between samples 2a and 2c; no significant differences in terms of Ra, minimal differences in terms of Rq). An increase of roughness was also observed with increasing the energy per pulse (sample 3d vs. 1d) The orientation of the surface texture was dictated by the parameter Δα, as shown in Figure 10 . A symmetric textural pattern was obtained as a consequence of using Δα = 90°, as shown in Figure  10a ; on the contrary, a more randomly oriented roughness can be observed in Figure 10b due to an angle of 20° for the laser beam. As shown in Figure 11 , the orientation of the surface texture was independent of the number of cycles used for the laser treatment and its regularity and periodicity was preserved.
In the set of conducted experiments, Δα and repetition number were interdependent in the different levels (i.e., in the cases where Δα was fixed as 20°, repetition number was always fixed as 20; and in all cases when Δα was fixed as 90°, repetition number was always fixed as 2. As shown in Figure 11 , the orientation of the surface texture was independent of the number of cycles used for the laser treatment and its regularity and periodicity was preserved. Therefore, the screening analysis was performed with the variables repetition rate (kHz), scanning speed (mm/s), Δα (°), and number of cycles (units). Once the conditions were fixed, the data available were analyzed in a frame in the form of a design of experiments (DOE) with four factors, two levels, fractional (2 4-1 = 8 runs), one block, and no central points. This design, which is presented in Table 3 , aimed at screening the significance of the factors analyzed in the overall response for Ra and Rq values. 300  20  1  2  60  300  20  5  3  20  1000  20  5  4  60  1000  20  1  5  20  300  90  5  6  60  300  90  1  7  20  1000  90  1  8  60  1000  90  5 The data were analyzed by making use of Minitab statistical software (Minitab R18.1, Minitab LLC, State College, PA, USA). The results showed a relatively stronger significance of factor D: number of cycles, compared to the others, as it can be identified in Figure 12a ,b. Due to the limited number of experiments in this fractional design, this weak signification would require further investigation in order to decide upon the importance of the response yield. Also, the levels low (number of cycles equal to 1) and high (number of cycles equal to 5) of factor D: number of cycles were not taking into account the entire range of experimentation, but only the one with enough data for the construction of the DOE framework, so further analysis should also address the bigger range.
For the separated investigation on the influence of variable D: number of cycles to the level of Ra and Rq observed, all available data were used, ranging from a number of cycles equal to 1 to a number of cycles equal to 10. Indeed, a strong linear correlation was found between the number of cycles and Building on the numerical results obtained in the experimentation, the significance of the effects of each of the factors investigated on the parameters R a and R q were analyzed. As mentioned before, the factors that were the object of study were: energy per pulse (µJ), repetition rate (kHz), scanning speed (mm/s), ∆α ( • ), repetition number (units), and number of cycles (units). However, it should be observed that:
• Energy per pulse depends on the repetition rate; which is already in the model.
•
In the set of conducted experiments, ∆α and repetition number were interdependent in the different levels (i.e., in the cases where ∆α was fixed as 20 • , repetition number was always fixed as 20; and in all cases when ∆α was fixed as 90 • , repetition number was always fixed as 2.
Therefore, the screening analysis was performed with the variables repetition rate (kHz), scanning speed (mm/s), ∆α ( • ), and number of cycles (units).
Once the conditions were fixed, the data available were analyzed in a frame in the form of a design of experiments (DOE) with four factors, two levels, fractional (2 4-1 = 8 runs), one block, and no central points. This design, which is presented in Table 3 , aimed at screening the significance of the factors analyzed in the overall response for R a and R q values. 1  20  300  20  1  2  60  300  20  5  3  20  1000  20  5  4  60  1000  20  1  5  20  300  90  5  6  60  300  90  1  7  20  1000  90  1  8  60  1000  90  5 The data were analyzed by making use of Minitab statistical software (Minitab R18.1, Minitab LLC, State College, PA, USA). The results showed a relatively stronger significance of factor D: number of cycles, compared to the others, as it can be identified in Figure 12a ,b. Due to the limited number of experiments in this fractional design, this weak signification would require further investigation in order to decide upon the importance of the response yield. Also, the levels low (number of cycles equal to 1) and high (number of cycles equal to 5) of factor D: number of cycles were not taking into account the entire range of experimentation, but only the one with enough data for the construction of the DOE framework, so further analysis should also address the bigger range. the values of Ra and Rq, as revealed by the high value of the coefficients of determination R 2 (above 0.98 in Ra and above 0.96 in Rq), as shown in Figure 13 . The resulting linear interpolating functions can be useful from a technological viewpoint in order to predict, at the design stage, the expected roughness depending on laser processing parameters. Sample 5 exhibited an ordered textural arrangement with regular periodicity of squared "hills" and valleys created by the laser beam, as shown in Figure 14a ,b. SEM investigations revealed that a two-level texture can be observed on these samples, i.e., a laser-induced roughness with Ra and Rq values around 20 µ m, as shown in Table 2 , combined with a finer micro-roughness on the top of the hills, where the ceramic particles were joined and partially melted together during sintering, assuming a quite rounded morphology, as shown in Figure 14c . It is known that nanoparticles can form during processes of laser ablation [34, 35] ; however, the size of these nanoparticles was shown to typically be within the range of few nanometers, hence they are too small to affect the quality of the surface texture at the scale investigated in the present study. The hierarchical roughness of the For the separated investigation on the influence of variable D: number of cycles to the level of R a and R q observed, all available data were used, ranging from a number of cycles equal to 1 to a number of cycles equal to 10. Indeed, a strong linear correlation was found between the number of cycles and the values of R a and R q , as revealed by the high value of the coefficients of determination R 2 (above 0.98 in R a and above 0.96 in R q ), as shown in Figure 13 . The resulting linear interpolating functions can be useful from a technological viewpoint in order to predict, at the design stage, the expected roughness depending on laser processing parameters.
Sample 5 exhibited an ordered textural arrangement with regular periodicity of squared "hills" and valleys created by the laser beam, as shown in Figure 14a ,b. SEM investigations revealed that a two-level texture can be observed on these samples, i.e., a laser-induced roughness with R a and R q values around 20 µm, as shown in Table 2 , combined with a finer micro-roughness on the top of the hills, where the ceramic particles were joined and partially melted together during sintering, assuming a quite rounded morphology, as shown in Figure 14c . It is known that nanoparticles can form during processes of laser ablation [34, 35] ; however, the size of these nanoparticles was shown to typically be within the range of few nanometers, hence they are too small to affect the quality of the surface texture at the scale investigated in the present study. The hierarchical roughness of the samples is expected to be highly favorable to promote osteointegration of the ceramic implants. In fact, the surface roughness due to laser ablation is comparable to the size of human osteoblastic cells, which exhibit a typical diameter within 15-30 µm [36] and can then potentially enter the valleys created by the laser, thereby leading to new bone tissue interlocking within the implant surface. Furthermore, the fine roughness on the top of the hills could also play a role in promoting bone cell behavior towards paths of osteogenesis and self-repair. Textural properties of implant surfaces are known to greatly influence cell responses in vitro and in vivo [37] . The early studies carried out by Schwartz and Boyan [38] gave a first evidence that osteoblasts attach and spread preferably on implant surfaces with a diffused micrometric roughness. The micrometric and nanometric peaks and valleys of implant surfaces were shown to affect the organization of bone cell cytoskeleton and the intracellular transduction signaling pathways, thus emphasizing the bone regenerative capacity [39, 40] . Sample 5 exhibited an ordered textural arrangement with regular periodicity of squared "hills" and valleys created by the laser beam, as shown in Figure 14a ,b. SEM investigations revealed that a two-level texture can be observed on these samples, i.e., a laser-induced roughness with Ra and Rq values around 20 µm, as shown in Table 2 , combined with a finer micro-roughness on the top of the hills, where the ceramic particles were joined and partially melted together during sintering, assuming a quite rounded morphology, as shown in Figure 14c . It is known that nanoparticles can form during processes of laser ablation [34, 35] ; however, the size of these nanoparticles was shown to typically be within the range of few nanometers, hence they are too small to affect the quality of the surface texture at the scale investigated in the present study. The hierarchical roughness of the samples is expected to be highly favorable to promote osteointegration of the ceramic implants. In fact, the surface roughness due to laser ablation is comparable to the size of human osteoblastic cells, which exhibit a typical diameter within 15-30 µm [36] and can then potentially enter the valleys created by the laser, thereby leading to new bone tissue interlocking within the implant surface. Furthermore, the fine roughness on the top of the hills could also play a role in promoting bone cell behavior towards paths of osteogenesis and self-repair. Textural properties of implant surfaces are known to greatly influence cell responses in vitro and in vivo [37] . The early studies carried out by Schwartz and Boyan [38] gave a first evidence that osteoblasts attach and spread preferably on implant surfaces with a diffused micrometric roughness. The micrometric and nanometric peaks and valleys of implant surfaces were shown to affect the organization of bone cell cytoskeleton and the intracellular transduction signaling pathways, thus emphasizing the bone regenerative capacity [39, 40] . Comparison of Figure 14c and d reveal the morphological difference that exists between the top of the hills and the bottom of the laser-created valleys; specifically, Figure 14d shows that melting of the ceramic surfaces produces small cracks in the material as a consequence of the high cooling rate.
As shown in Table 2 , the heat post-treatment carried out to eliminate the dark color of the samples caused no significant alteration in the values of Ra and Rq.
A laser-textured prototype of the ceramic cup with square-shaped roughness was successfully obtained, as shown in Figure 15 . The laser parameters used to process sample 5 were adopted for this purpose, under the appropriate technological optimization. This choice was based on the values of roughness reported in Table 2 ; except for sample 5, all the other laser-textured specimens had a surface roughness above (sample 2b) or below (all the other cases) the typical size range of osteoblastic cells (15-30 µm). Also, in the case of the surface-textured cup, a heat treatment in oxidizing atmosphere was suitable to recover the original white appearance of the cup, as shown in Figure 15b . Figure 14c and d reveal the morphological difference that exists between the top of the hills and the bottom of the laser-created valleys; specifically, Figure 14d shows that melting of the ceramic surfaces produces small cracks in the material as a consequence of the high cooling rate.
Comparison of
As shown in Table 2 , the heat post-treatment carried out to eliminate the dark color of the samples caused no significant alteration in the values of R a and R q .
A laser-textured prototype of the ceramic cup with square-shaped roughness was successfully obtained, as shown in Figure 15 . The laser parameters used to process sample 5 were adopted for this purpose, under the appropriate technological optimization. This choice was based on the values of roughness reported in Table 2 ; except for sample 5, all the other laser-textured specimens had a surface roughness above (sample 2b) or below (all the other cases) the typical size range of osteoblastic cells (15-30 µm) . Also, in the case of the surface-textured cup, a heat treatment in oxidizing atmosphere was suitable to recover the original white appearance of the cup, as shown in Figure 15b .
the ceramic surfaces produces small cracks in the material as a consequence of the high cooling rate.
A laser-textured prototype of the ceramic cup with square-shaped roughness was successfully obtained, as shown in Figure 15 . The laser parameters used to process sample 5 were adopted for this purpose, under the appropriate technological optimization. This choice was based on the values of roughness reported in Table 2 ; except for sample 5, all the other laser-textured specimens had a surface roughness above (sample 2b) or below (all the other cases) the typical size range of osteoblastic cells (15-30 µm) . Also, in the case of the surface-textured cup, a heat treatment in oxidizing atmosphere was suitable to recover the original white appearance of the cup, as shown in Figure 15b . 
Conclusions
In this work, different surface textures were imparted to alumina/zirconia ceramic samples by applying infrared laser ablation strategies. Surface roughness could be modulated in the range of 3 to 30 µm by varying the laser process parameters (e.g., number of cycles, scanning speed, energy per pulse). In general, the roughness increased with (i) increasing number of cycles due to the higher ablation of the material, (ii) decreasing scanning speed, or (iii) increasing the energy per pulse. Critical analysis based on DOE suggests the relatively stronger significance of the number of cycles compared to the other factors. Furthermore, highly-arranged or random-like textures could be obtained depending on the variation of the laser process angle. Morphological investigations revealed a hierarchical texture formed by a laser-induced roughness combined with a finer micro-roughness deriving from the sintering process of the ceramic bodies. The method proposed for laser surface texturing of flat ceramic samples was properly adapted for application on real acetabular cups for hip joint prosthesis, and a prototype was successfully obtained. The produced surface roughness is expected to be suitable for promoting bone tissue in-growth and interlocking in acetabular prosthetic implants; future in vivo studies will allow elucidating if a renaissance of surface-textured cementless monolithic ceramic cups is actually possible.
